We measured the molar size from a single population of wild baboons from Amboseli (Kenya), both females (n = 57) and males (n = 50). All the females were of known age; the males represented a mix of known-age individuals (n = 31) and individuals with ages estimated to within 2 years (n = 19). The results showed a significant reduction in the mesiodistal length of teeth in both sexes as a function of age. Overall patterns of age-related change in tooth size did not change whether we included or excluded the individuals of estimated age, but patterns of statistical significance changed as a result of changed sample sizes. Our results demonstrate that tooth length is directly related to age due to interproximal wearing caused by M2 and M3 compression loads. Dental studies in primates, including both fossil and extant species, are mostly based on specimens obtained from osteological collections of varying origins, for which the age at death of each individual in the sample is not known. Researchers should take into account the phenomenon of interproximal attrition leading to reduced tooth size when measuring tooth length for ondontometric purposes.
Introduction
The study of postcanine tooth size is very common in primatological and anthropological studies. It provides information about tooth development [Reed, 1973; Godfrey et al., 2001] , phylogeny and taxonomy [Hayes et al., 1990; Wood et al., 1991] , adaptation [De Gusta et al., 2003 ] and feeding ecology [Kay, 1975; Teaford and Ungar, 2000] of fossil and extant primate species. Dental size has also been shown to vary between sexes in some primate species [Almquist, 1974; Wood et al., 1991] , with sexual differences being particularly remarkable in the canines [Oxnard et al., 1985] , but also in the molars [Garn et al., 1966; Cochard, 1987; Teschler-Nicola and Prossinger, 1998 ]. Dental size is traditionally evaluated by measuring the mesiodistal length and buccolingual width of the teeth [Sauther et al., 2001; Hlusko et al., 2002; Swindler, 2002] , but some researchers have pointed out that this method for estimating tooth size can be problematic because of interproximal tooth wear [Swindler and Orlosky, 1974; Wood, 1981; Bermúdez de Castro et al., 1997; Teaford, 2000; Hillson et al., 2004] . To our knowledge, no studies have yet evaluated the effect of interproximal wear on tooth length in known-age populations of non-human primates.
Interproximal tooth wear is produced as a result of the different movements of teeth during mastication [Hinton, 1982] , which generate interproximal attrition that wears away the rounded profile of the crown, and produces flattened wear facets that can represent a significant proportion of the unworn diameter [Wolpoff, 1971; Kieser et al., 1985; Cole and Smith, 1987; Wood and Engleman, 1988; Kieser, 1990; Delson, 1993; Kaifu et al., 2003; Hillson et al., 2004] .
In dental morphology studies, when mesial and/or distal borders of the teeth are affected by light interproximal wear, the original edges are estimated by reference to the overall crown shape, as well as the buccolingual extent of the wear facets [Wood and Uytterschaut, 1987; Wood and Engleman, 1988; Bailey, 2004; Bailey and Lynch, 2005; Martinón-Torres et al., 2006; Gómez-Robles et al., 2007 . Because of this dynamic and cumulative interproximal wearing, it might be particularly interesting to analyze sex-and age-related changes in dental dimensions and how these changes affect the different teeth [Groves and Harding, 2003] .
Dental studies in primates, including both fossil and extant species, are mostly based on specimens obtained from osteological collections of varying origins, for which the age at death of each individual in the sample is not known. In the present study we examined premolar and molar size from a single population of wild baboons of known ages from Amboseli, Kenya. The sample contained no geographic heterogeneity, and because we knew the actual age of the individuals in the sample, we were able to conduct a detailed study of age-related changes in tooth size in a wild primate population. The aim of this study was to determine whether the aging of teeth affects the size of premolars and molars to an extent detectable by researchers when measuring teeth using straightforward procedures.
Methods

Study Population
This study is based on a sample of tooth casts from yellow baboons (Papio cynocephalus) in the Amboseli basin, a semiarid savanna habitat (2°40 south and 1,100 m above sea level) in southern Kenya, at the base of Mount Kilimanjaro. This area is near the northern limit of distribution of the species, and the animals in the study population exhibit some admixture with olive baboons (Papio anubis), which occasionally immigrate into the basin [Alberts and Altmann, 2001; Tung et al., 2008] . The Amboseli baboons have been intensively studied for almost 4 decades (see www.princeton.edu/ ϳ baboon for a complete bibliography and Baboon Project Monitoring Guide).
The study population consists of 5 social groups that have partially overlapping home ranges, and each group is the focus of detailed observations several days a week. All individuals in the study population are recognized on sight based on unique physical characteristics. Females in this species remain in their natal social group throughout their lives, while males disperse from their natal group at a median of 8.5 years of age (young adulthood [Alberts and Altmann, 1995] ). All individuals born in the study population -females and males remaining within the study population even after dispersal from their natal group -were identified at birth and followed throughout their lives, or until they emigrated from the study population (in the case of males). Consequently, ages for all animals born in the study population are known to within a few days, including all the female subjects of this study and 31 of the 50 male subjects. Nineteen of the 50 males in this study were immigrants with estimated ages; males most frequently immigrated as young adults of approximately 8 years, but may have immigrated at any time during adulthood. Ages for immigrant males were estimated to within 1 or 2 years based on patterns of growth, maturation and change in physical parameters [Alberts et al., 2006; details in Altmann and Alberts, 2004] . The ages of female subjects varied between 4.51 and 26.35 years of age, with a mean value of 10.84 years, and those of the male subjects varied between 6.22 and 20.45 years, with a mean age of 10.96 years. Telazol . Various data were collected from each anesthetized animal, including tooth casts for morphological and dental microwear analysis. With the animals immobilized, enamel tooth surfaces were washed with pressurized water, using a manual water pump, and brushed lightly, by using a soft toothbrush, to remove food remains, and then dried with a foot-powered air pump for some minutes. Tooth casts were obtained for the left mandibular and maxillary rows, using Colténe Speedex putty. The putty and the catalyzer were mixed rapidly and applied by hand, and pressed against all the teeth to insure good-quality replicas. When the replication material had totally cured, within 2-3 min, the mold was removed, labeled and stored in a plastic bag. From these negative molds, replicas were made at the University of Barcelona, using Feropur polyurethane (Feroca ), which is stable, has excellent fluidity and is an easy-to-use casting material with good hardness properties [Galbany et al., 2004 [Galbany et al., , 2006 . Dental replicas ( fig. 1 ) from 57 females and 50 males were obtained and analyzed in the present study. Every individual was analyzed only once, providing a cross-sectional data set. From the casts produced, premolar and molar teeth (P4, M1, M2 and M3) were measured using a Helios digital caliper (0.01 mm precision). The maximum mesiodistal diameter ( table 1 ) was measured on the occlusal surface from the mesial to the distal interproximal contact points, in the middle of the interproximal facet, between tooth crowns [Swindler, 2002] . Coefficients of correlation (Pearson) were calculated to assess the relationship of premolar and molar length ('y'-dependent variable) in relation to age ('x'-independent variable). Most analyses were carried out using SPSS software version 15.0. The exception was our analysis of sex differences in the change in tooth size with age (see Results); for this analysis, we tested for male-female differences in the slope of the relationship between tooth size and age, using SMATR (Standardised Major Axis Tests and Routines) software [Warton et al., 2006] . 
Tooth Casts
Results
In these cross-sectional analyses including all females (all of known age) and all males (31 of known age and 19 of estimated age), females exhibited a significant reduction with age in the mesiodistal length of both the upper and lower P4 and M1 teeth ( table 2 ; fig. 2 ) and also a trend in the reduction of mesiodistal length in the upper and lower M2. Males exhibited a significant reduction in mesiodistal length in lower M1, but in no other teeth ( table 2 ; fig. 2 ). When we excluded males of estimated age and reduced our sample size to n = 31 males of known age, we found a significant reduction in mesiodistal length in the lower M2, but in no other teeth (online suppl. tables 1 and 2, www.karger.com/doi/10.1159/000323588). Taken together, these results suggest that females showed greater rates of attrition than males. In addition, more teeth in females showed a significant amount of interproximal wear.
Rates of interproximal tooth wear could be calculated, by using the equations provided in table 2 and the age range of the individuals analyzed, at least for those significant relationships between tooth wear and age. In females, upper M1 exhibited a mean tooth wear rate of 421.2 m/year, and lower M1 exhibited a wear rate of 494.5 m/year.
To examine further the apparent sex differences in the relationship between tooth size and age, we calculated statistical differences between the male and female slopes of tooth size as a function of age (Methods). We found no significant differences between male and female slopes for any teeth, except for the lower P4, which showed a marginal difference (p = 0.049, fig. 2 ). However, when only males of known age were analyzed, more slope differences between female and male regressions occurred, for the lower P4 (p = 0.003), lower M3 (p = 0.015), upper P4 (p = 0.010) and upper M1 (p = 0.023) (online suppl. fig. 1 ).
Discussion
Tooth Length and Age
Interproximal wear is a phenomenon thought to occur as a result of forces generated during the mastication process, which wear away the rounded profile of the molar crowns and flatten the interproximal facets, producing a reduction of the mesiodistal diameter. Although interproximal wear has been described in humans, hominids and fossil primates [Hinton, 1982; Kieser et al., 1985; Whittaker et al., 1987; Wood and Engleman, 1988; Kieser, 1990; Kaidonis et al., 1992; Bailey, 2004; Bailey and Lynch, 2005; Martinón-Torres et al., 2006; Gençturk et al., 2008] , to our knowledge this study represents the first systematic measurements of interproximal tooth wear in a known-age population of any species of wild primates. Previously, Wolpoff [1971] had provided a very extensive study of interstitial or interproximal wear in humans, hominids and non-human primates, focusing on the causes of this kind of tooth wear and its relation to age, but using osteological samples for which the age of every individual was estimated from tooth eruption timing, even in the fossil samples.
Interproximal wearing is not the only transformation that teeth exhibit with aging. Numerous studies of dental ecology, based on primate field work, have demonstrated that teeth change with age, and that behavioral differences between individuals or populations can also affect tooth wear [Cuozzo and Sauther, 2010] . A number of studies have also examined the effect of aging on tooth functionality and the consequent effects of aging teeth on the fitness of individuals or populations [Cuozzo and Sauther, 2010] . Many studies show that occlusal tooth wear reflects age in wild primates (sifakas [King et al., 2005; Wright et al., 2008] ; howler monkeys [Dennis et al., 2004] ; baboons [Phillips-Conroy et al., 2001; Galbany et al., 2011] ; lemurs [Zohdy et al., 2009; Cuozzo and Sauther, 2010] ) and semi-captive primates (rhesus macaques [Kay and Cant, 1988] ). Moreover, occlusal tooth wear in Amboseli baboons was also predicted by individual differences in feeding behavior [Galbany et al., 2011] . Among sifakas, King et al. [2005] related tooth wear to individual fitness, in that older females, with more worn teeth, lost their infants at higher rates than younger females [King et al., 2005] . In addition, many studies have examined dental microwear in primates in relation to ecology [Ungar, 1990; Teaford, 1994; Godfrey et al., 2004; Nystrom et al., 2004; Ungar et al., 2004; El Zaatari et al., 2005; Galbany et al., 2005 Galbany et al., , 2009 .
Regarding interproximal wear, our results show a systematic, significant effect of age in premolar and molar length. Specifically, both males and females exhibited a significant reduction in the mesiodistal length of lower M1, and females also exhibited a significant reduction in the length of upper M1 and upper and lower P4. These results indicate that interproximal wear was more evident in those teeth that had the earliest eruption, particularly M1, which erupts first in baboons. In contrast, M3, which is the last tooth to erupt [Phillips-Conroy and Jolly, 1988; Kahumbu and Eley, 1991] , did not exhibit significant length reduction in our sample ( table 1 ) , although this does not rule out the possibility that M3 experiences size reduction in very aged individuals. Fayad et al. [2004] provided evidence, in humans, that eruption of M3 produces a mesial inclination in M1 and M2. This inclination increased with age, an observation that supports the idea of mesial drift produced by the anterior component of the occlusal force during the eruption of the later molars; this in turn would explain the relatively high degree of interproximal attrition in P4 and M1. Similar results have also been reported in humans, non-human primates and hominids, and experimental evidence indicated that only a very low mesial force was necessary to produce enough interproximal wear to cause a mesial drift [Wolpoff, 1971] . This mesial force might depend on several factors, including the eruption of molars, the mesial vector of tongue and buccal contraction or the action of occlusion on dental crowns [Murphy, 1964; Welsch, 1967; Southard et al., 1989 Southard et al., , 1992 . Another factor that may be involved in baboons in the length reduction of P4 and M1 could be the forces of the canines on the postcanine dentition. The large maxillary canine occludes into the buccal diastema between the mandibular canine and the first premolar (P3), and the mandibular canine fits into the diastema between the maxillary canine and the lateral incisor. These robust teeth could apply a distal horizontal force on the postcanine dentition that also contributes to attrition in P4 and M1.
Sex Differences in Interproximal Wear
Although we observed differences between males and females in the rate of interproximal tooth wear, these differences were generally not significant, as indicated by the lack of difference between males and females in the slope of relationship between size and age in most teeth. When we restricted our analysis to males of known age (and incidentally decreased our sample size), the differences between male and female slopes increased.
These apparent sex differences, although not significant in most cases, could have 3 potential sources. (1) The sex differences could be attributable to statistical power differences [Uitenbroek, 1997] . Specifically, our male and female samples differed in size (we had fewer males than females in our sample; table 1 ) and in age distribution, which covered a smaller portion of the life span for males than for females (from 6.22 to 20.45 years in males, and from 4.51 to 26.35 years in females). (2) The sex differences could be attributable to greater error in our age estimates for males than for females. Error in the age estimates would have the effect of reducing the significance of any age effect in males, and this possibility is supported by the fact that the differences between male and female slopes increased when we restricted our analyses to males of known age. (3) Finally, the sex differences could be attributable to greater variance in the ages at which teeth erupt for males. If age at eruption is more variable in males, then that greater variability will reduce the age effect, even if males had as much interproximal wear as females. In fact, male baboons do show more variation in the age at tooth eruption than do females [Phillips-Conroy and Jolly, 1988; Kahumbu and Eley, 1991] .
Sex differences in interproximal wear have not been found in human molars [Whittaker et al., 1987] , but then humans are much less dimorphic than baboons. Galbany /Dotras /Alberts /Pérez-Pérez One might expect that the larger size and musculature of male baboons would contribute to greater tooth wear in males because they result in higher energy needs for males than females. In our baboon population, previous studies have not detected significant effects of sex on the proportion of time spent foraging for the wild-feeding baboons in the Amboseli population [Post et al., 1980] , but males have priority of access to feeding sites, which allows them to have priority access to higher-quality food [Post, 1981] . Moreover, a recent study of occlusal tooth wear done on the same sample used in this study found no significant differences between males and females in occlusal tooth wear rates for any molar, but females always exhibited higher tooth wear rates than males [Altmann et al., 2010; Galbany et al., 2011] . This could be explained by slight feeding differences between sexes and fits with the interproximal tooth wear pattern found in the present study.
Conclusions
Measures of molar length in fossil and extant primates are used to draw inferences about feeding ecology, and they are also used in phylogenetic studies, and in studies of tooth development and sexual dimorphism. Our results are noteworthy because of the clear impact of age on premolar and molar length, and should be taken into account by researchers when measuring tooth length for any of these purposes. However, these results also call for studies of interproximal wear and tooth attrition in other primate species, in order to understand better the impact of age, sex and other variables in a wide range of foraging and ecological contexts.
